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INTRODUCTION
The demand for clean drinking water is fundamental for human life and it has sparked immense interest in production of high efficient filtration devices which employ advanced functional nanosized materials such as nanofibers. Electrospinning, a simple and cost effective method, has been extensively used to produce nanofibrous filtration membranes with small pore size, large pore volumes and excellent mechanical stability [1, 2] . Nanofibrous filtration membranes are made of randomly laid nano-sized fibers which can effectively filter out particles by the size exclusion mechanism [3] . Furthermore, incorporation of specific functionality on the surface of these membranes extends their ability to perform a one step removal of microorganisms and chemical compounds along with sized-based separation [4] .
Electrospun polyacrilonitrile (PAN) nanofibrous membranes find applications in many areas such as electrically conductive nanofibers, wound dressing, biocatalyst, tissue scaffolding, and drug delivery systems [5] . High chemical resistance, thermal stability and wetability of PAN nanofibers [6] have led to their extensive use as ultrafiltration [7] and nanofiltration [8] membranes. However, incorporation of functional chemicals and polymers is required in order to enhance their performance for heavy metals adsorption and removal of microorganisms.
Chitosan (Cs) is the derivate of chitin (the second most abundant biological polysaccharide). Chitosan has received a considerable attention due to its unique properties such as biodegradability and non-toxicity as well as heavy metal ion adsorption and antibacterial performance. Owing to these exceptional properties, chitosan finds applications in many areas such as food preservation, wound dressing, drug delivery and biosensors [9] [10] [11] [12] [13] . Furthermore, Several studies have been done on inherent antimicrobial character of chitosan exerted towards bacteria and viruses for water filtration application [14, 15] . It has been reported that electrospinnability of chitosan has been restricted due to its polycationic nature in solution, rigid chemical structure and specific inter and intra-molecular interactions [16] . Therefore, addition of a synthetic biodegradable polymer such as poly(vinyl alcohol) (PVA) [17] or poly(ethylene oxide) (PEO) [18] to the chitosan solution can improve the electrospinnability of chitosan, leading to formation of nanofibrous membranes containing high degree of chitosan nanofibers. 4 Electrospun composite chitosan membranes with high antibacterial and adsorption properties have been extensively studied for water filtration applications. In most cases, chitosan has been used as a coating layer on the surface of a non-woven membrane of a synthetic polymer with high mechanical stability. For instance, Desai et al. [14] fabricated nanofibrous filter media by electrospinning of chitosan/PEO blend solutions onto a spunbonded non-woven polypropylene substrate. Results indicated 2-3 log reduction in bacterial colonization of Escherichia coli after 6 hours of contact time. In another study, Cooper et al. [19] reported that chitosan/polycaprolactone(PCL) fibrous membranes significantly reduced Staphylococcus aureus bacterial colonization compared to PCL fibrous membranes. Furthermore, Haider et al. [20] investigated the heavy metal ion adsorption performance of chitosan nanofibrous membranes. Results indicated the highly effective performance of the membranes in adsorption of toxic metal ions such as Cu(II) and Pb(II) .
Recently, there have been several reports on the incorporation of metallic and metal oxide materials into electrospun polymers for improving the antibacterial performance [21] [22] [23] . These inorganic materials have attracted particular interest due to their stability in harsh processes and minimal toxicity [24] . For instance, Dasari et al. [25] reported on the fabrication of electrospun polylactic acid (PLA) membranes embedded with Ag and Cu. Antibacterial action of the membranes were characterized using Saccharomyces cerevisiae bacteria; the findings reported that the membrane has an appreciable effect on the bacterial, reducing the bacteria population by 85%. Metal oxides, such as ZnO, possess bactericidal properties and can inhibit both grampositive and gram-negative bacteria [26, 27] . Hwang et al. [28] evaluated the antibacterial action of electrospun ZnO/TiO2 composite fibrous membrane and found that the presence of ZnO nanoparticles on the surface of the nanofibres exhibited appreciable antibacterial effects against gram-negative Escherichia coli and gram-positive Staphylococcus aureus. Moreover, since ZnO can facilitate a high amount of surface active sites for adsorption of heavy metal ions from an aqueous solution, it is a promising candidate for the removal of contaminants from the environment [29] . For instance, ZnO nano-sheets that have been prepared via a hydrothermal approach exhibit good sorption capacity for Pb 2+ due to presence of surface hydroxyl groups (Ma et al. [30] ).
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Here we report on a study to synthesize electrospun PAN-Cs bi-layer fibrous membranes coated with ZnO nanoparticles. Chemical structure and morphological properties of the fibrous membranes were examined by field emission scanning electron microscope (FE-SEM), scanning transmission electron microscope (STEM), Fourier transform infrared spectroscopy (FTIR) and X-ray diffraction (XRD). Mechanical properties of the fibrous membranes were investigated by tensile tests while the membrane capacity for heavy metal ion adsorption was evaluated by inductive coupled plasma-optical emission spectrophotometer (ICP-OES). Both bacteria filtration and anti-bacterial performance of the membranes were evaluated by antibacterial assays. The permeability of the membranes was measured by water flow permeability tests.
EXPERIMENTAL Materials
Polyacrylonitrile (Mw=150 KDa), chitosan (Mw=50KDa) with 75 -85% DD and Poly(ethylene oxide) (Mw = 900 KDa) were purchased from Sigma Aldrich. Zinc oxide (Zano Fischer Scientific while acetic acid was purchased from R&M Chemicals.
Preparation of electrospun nanofibrous membranes
In order to make an 8 w/w % PAN solution, 0.86 g of polymer pellets were dissolved in 10 ml of 99.6% DMSO and stirred for 6 hours until the solution became homogenous. Furthermore, 5
w/w% ZnO were added to the PAN solution and stirred for 6 hours in order to make PAN/ZnO solution. The PAN and PAN/ZnO solutions were electrospun onto a rotating drum (300 rpm) via an electrospinning device (NB-EN1, NanoBond), containing a metallic needle, a feed pump and a high voltage power supply. These solutions were electrospun with flow rate of 1. 
Characterization of membranes

Morphology analysis
The morphologies of electrospun membranes were observed under ultra-high resolution field emission scanning electron microscope (FE-SEM, Hitachi SU8010). To prevent electrostatic charging during observation, the samples were coated with a thin layer of platinum.
Fiber diameter and porosity of the membranes were measured by Image J analysis software. 
Tensile analysis
X-ray diffraction (XRD) analysis
To investigate the crystalline structure of the electrospun samples, X-ray diffraction (XRD) of both powder and membrane samples was carried out using the D8 Discover X-ray diffractometer (Bruker, Germany) with nickel-filtered Cu (K) radiation. The data were 
where
the permeation volume (L) of the testing solution,
A is the effective area of the tested substrate (m 2 ) and ∆t is the sampling time (h).
In order to measure the porosity of the electrospun membranes, superficial water (i.e. the excess water on the membrane surface) was blotted off from them after they have been impregnated in the water. These membranes were then weighed and dried in an air-circulating oven at 50 °C for 5 hours before measuring the dry weight. The porosity of the membranes was calculated using the following equation:
where P is the membrane porosity (%); W0 and W1 are the masses (g) of the wet and dry membranes, respectively; A is the membrane surface area (cm 2 ) (is this 'A' the same as in
Equation 1?); h is the membrane thickness (cm). The membrane porosity of each sample was measured several times and the results were reported as an average [31] .
Heavy metal adsorption
In Cr(III) adsorption test, 10 mg of CrK(SO4)2·12H2O(Sigma-Aldrich) was mixed in 1 liter of deionized water. A 10 mL aliquot of Cr(III) solution was driven through electrospun membranes with thickness ranging from 0.042 to 0.072 mm at a rate of 1 mL/min using a syringe pump. The
Cr(III) concentrations of the feed solution and permeate filtrate were determined by inductive coupled plasma-optical emission spectrophotometer (ICP-OES Perkin Elmer Optima 8000).
Total concentration rejection (R) in adsorption of Cr(III) was given by
where Cf and Cp represent the Cr (III) concentrations (CFU/ml) of the feed solution and permeate filtrate, respectively. concentration. Viable counts were determined by spread plating on Luria-Bertani agar and incubated overnight at 37 °C aerobically. All measurements were performed in triplicate. The bacterial retention ratio was calculated in terms of LRV (Log Reduction Value) defined as
Bacteria filtration
Gram negative bacteria
Furthermore, the morphology of trapped bacteria was investigated using a field emission 
RESULTS AND DISCUSSION
Morphology Analysis
The morphology of electrospun membranes is illustrated in Figure 2 . Electrospun PAN membrane exhibited a randomly oriented, ultrafine, and well-uniformed structure (Figure 2a , e).
Under the specified electrospinning conditions, the diameters of electrpsun PAN nanofibers highly populated within the range of 450−550 nm with an average diameter of 484 nm. 
Tensile tests
Significant differences (p < 0.05) were observed for the respective mechanical properties, namely tensile strength, elastic modulus and elongation at break, among the four different types of membranes, i.e. PAN, PAN/ZnO, PAN-Cs and PAN/ZnO-Cs. The detailed results concerning the differences are discussed in the following paragraphs. Table 1 the PAN fibers and created linkages between them, leading to enhancement in rigidity of the membranes as well as ease in stress transfer at the interface, implicating the respective increases in elastic modulus and tensile strength. However, tensile strengths of electrospun PAN and PAN/Cs membranes incorporated with ZnO nanoparticles are respectively 34% and 43%, lower than PAN membranes; the elastic moduli of these ZnO nanoparticles incorporated membranes are respectively 18 and 28% lower than PAN membranes. As mentioned in the morphology discussion, incorporation of ZnO nanoparticles led to formation of agglomerations on the surface of the PAN nanofibers. Existence of these clusters impaired the effective load transfer from the polymer matrix to the fillers by reducing the surface area in contract with nanoparticles and becoming the site of stress concentration, resulting in poor stress transfer at the interface and ultimately reduction of mechanical properties [34] . Moreover, agglomeration of ZnO nanoparticles would also lead to the disruption of PAN polymeric chains, reducing the rigidity of nanofibers.
With regards to the elongation at break, incorporation of ZnO nanoparticles and addition of the chitosan layer to the electrospun PAN membranes leads to a composite membrane with reduced elongation at break as compared to PAN membranes. Thus the elongation at break for PAN/ZnO and PAN/ZnO-Cs are 70% and 60%, respectively, lower than PAN membranes. The fracture toughness (in terms of strain energy density) of the membrane are of order of one-half the product of tensile strength and elongation at break; for PAN, PAN/ZnO and PAN/ZnO-Cs membranes, order of magnitude estimates of the strain energy density to fracture yield 0.6, 0.1 and 0.2 MPa, respectively. Thus, it can be seen that incorporation of 5 wt% ZnO nanoparticles dramatically reduces the fracture toughness of the membrane, attributing to the agglomeration of nanoparticles. On the other hand, it must be mentioned that PAN/ZnO-Cs membrane has almost similar tensile strength and elastic modulus with pure PAN membrane. 
X-ray Diffraction (XRD) Analysis
Crystalline structure of electrospun PAN membranes with chitosan layer and evaporation reduces the jet temperature and consequently, the molecules that are aligned along the fiber axis have less time to realign themselves, leading to less favorable packing. For the majority of semi-crystalline polymers, the stretched chains under high elongation rate do not get enough time to form crystalline lamellae, which yields to lesser crystallinity. Thus, the crystallinity in the fibers is thereby affected by the rate of solvent evaporation [37, 38] . Table 2 . Incorporation of ZnO into electrospun PAN membranes increased the water permeability by 71%. This could be attributed to the increase in the number of internal nanochannels due to inclusion of ZnO nanoparticles. Disruption of polymer chains resulted from incorporation of ZnO nanoparticles could introduce nanoscaled cavities which provide additional pathways for water permeation, leading to improvement in water permeability of membranes.
Similar results were reported by Wang et al. [39] , indicating the improvement in water flux of electrospun PVA membranes by incorporation of multi-walled carbon nanotubes (MWNTs).
Conversely, it can be seen from Table 2 that addition of the chitosan layer dramatically decreased the permeate flux (i.e. the volume flowing through the membrane per unit area per unit time) of electrospun PAN membranes by 97%. This could be due to low surface porosity of electrospun chitosan layer compared to electrospun PAN membrane which provides fewer accessible pores for water, resulting in reduction in permeate flux. In case of electrospun PAN/Cs/ZnO membrane, although addition of chitosan layer decreased the permeate flux, but existence of ZnO nanoparticles let to 400% increase in flux rate of this membrane compared to PAN/Cs membrane, attributed to increase in number of internal nanochanels due to incorporation of ZnO nanoparticles. Table 2 presents the porosity measurements of electrospun membranes. Porosity of electrospun PAN membrane was measured to be 75.4%, which is in the range of values reported in literature [40] [41] [42] . Addition of electrospun chitosan layer reduced the porosity value of electrospun PAN membranes by almost 12%. This was expected since addition of chitosan layer reduced the surface porosity of electrospun PAN membrane and reduced the gaps between fibers by providing linkages between them. It must be mentioned that incorporation of ZnO also reduced the porosity of PAN membranes by 1.2%, which could be considered negligible. 
Heavy metal ion adsorption
Heavy metal ion adsorption properties of electrospun membranes have been shown in Table 3 . Incorporation of ZnO nanoparticles to electrospun PAN membranes improved the Cr (III) removal efficiency from 4 to 34%. This could be explained by Cr (III) attraction to negative sites on surface hydroxyl groups of ZnO [43, 44] . Additionally, adsorption of Cr (III) ions might take place when they move through either the pores of ZnO mass or through channels of the crystal lattice [45] . Hence, polar nature of ZnO surface (positively charged Zn ion and negatively charged O-ion) as well as their porous structure are the main parameters in adsorption properties of ZnO [46] . In a similar study performed by Hallaji et al. [47] Similarly, addition of chitosan layer to electrospun PAN membranes increased the Cr (III) removal efficiency to 43%. This could be attributed to high surface area, inter and intra 20 pores, as well as large number of the chelating groups of chitosan. It has been reported that chitosan has the highest chelating ability in comparison to other natural polymers owing to the amine and hydroxyl functional groups in its structure [48] . More specifically, the amine group (-NH2) as one of chitosan organic compounds, is known to be very effective in removing heavy metals via chelating cationic metal ions and/or adsorbing anionic metal species through electrostatic interactions with protonated amino groups (-NH3 + ) or via hydrogen bonding [45] . Adsorption properties of electrospun chitosan membranes have been widely studied previously [49, 50] . For instance, Haider et al. [20] examined the Cu(II) and Pb(II) adsorption performance of electrospun chitosan membranes. Results indicated high adsorption capacity of chitosan membranes which could be applied to adsorb (or neutralize) toxic metal ions and microbes.
Electrospun PAN/Cs/ZnO membrane has the highest adsorption performance among the tested membranes in this study with removal efficiency value of 75%. As discussed in detail earlier, both chitosan and ZnO have significant adsorption properties. Therefore, this membrane benefited from the combination of adsorption mechanisms which have been provided by both chitosan and ZnO.
Table3. Adsorption Performance of Electrospun Membranes
Membrane Removal efficiency (%)
PAN 4
PAN/ZnO 34
PAN-Cs 43
PAN/ZnO-Cs 75
Bacteria Filtration 21 Figure 7 shows bacteria filtration performance of electrospun membranes. Log reduction value of electrospun PAN membrane was around 4 for both E. coli and E. faecalis. It is known that E. coli has a cylindrical shape with a longitude length of 1.5 µm while cocci shaped E.faecalis is 1µm long with diameter of 0.6 µm [51] . Entrapment of bacteria cells is the key filtration mechanism in electrospun PAN membranes, since the average pore size of this membrane (300-700 nm) is smaller than the size of both bacteria types. Dramatic improvements in bacteria filtration performance were observed in electrospun membranes with chitosan coating layer. For instance, electrospun PAN/Cs membrane exhibited log reduction of 6.6 and 6.2 against E.coli and E.faecalis, respectively. These values indicate that PAN/Cs membrane displayed excellent bacteria filtration performance, leading to reduction in initial bacteria concentration by more than 99 %. As mentioned in the section on morphology, chitosan nanofibers provide linkages between PAN nanofibers, which lead to reduction in surface porosity of the membrane.
Hence, electrospun membranes with chitosan layer have smaller pore sizes (Table 2 ), leading to improvement in their filtration performance exhibited through size exclusion mechanism.
However, it can be seen that incorporation of ZnO nanoparticles to electrospun PAN and PAN/Cs membranes somewhat reduced the bacteria filtration performance of these membranes.
This could be attributed to the inhomogeneity and reduced rigidity of the PAN fibers due to ZnO agglomeration, implicating the possible formation of additional pathways for bacteria which facilitated their movement through the membrane. In this study, the concentration of bacterial challenge was significantly greater than any condition present in natural environmental situations, signifying that the reduction observed within the 24-h time period may be translated to a dramatically extended filter lifetime for realworld conditions. applications, which signifies the potential of these membranes to be used for water filtration applications, although further studies required in order to fabricate these membranes in an industrial scale.
